An overview o f NASA's ongoing efforts to develop an airfoil icing analysis capability is discussed. An indication is given to the approaches being followed to calculate ( 1 ) the water droplet trajectories past the airfoil, ( 2 ) the bulldup of ice on the airfoil, and ( 3 ) the resultant changes in aerodynamic performance due to extend the analysis to handle three-dimensional components is included.
given of current code capabilities/limitations through comparisons o f predictions with experimental data gathered in various calibrationlvalidation experiments. A brief discussion of future efforts to extend the analysis to handle three-dimensional components is included. and validation of a series o f mutually compatible computer codes which predict the details of an aircraft icing encounter. These codes once validated can be used for:
(1) Making preliminary design studies to ascertain component sensitivity to icing. progress on one element of the overall activity, namely the unprotected airfoil icing problem. Simply stated. the problem being addressed is to develop/validate computer codes which predict ( 1 ) the buildup of ice o n an unprotected airfoil and ( 2 ) the resultant aerodynamic degradation levels due to that ice accretion shape. A validated airfoil icing analysis capability is felt to be the core capability for the overall icing analysis methodology shown in Fig. 1 . This airfoil icing analysis capability will be extended to handle three-dimensional components te.g.. swept wings) and eventually complete aircraft configurations.
Figures 2 and 3 pictorially show the problem being addressed. A wing section of constant chord was placed in the NASA Lewis Icing Research Tunnel (IRT) and subjected to specified icing conditions (cloud liquid water content, average droplet diameter, free stream temperature and icing time) and aerodynamic conditions (velocity and angle-ofattack). The figure shows the resultant leading edge ice accretion in overall and closeup views.
The rough irregular nature of the ice accretion should be noted.
The purpose o f this paper is to review the Figure 3 shows in a generalized fashion the decrease in aerodynamic performance which can occur due to leading edge ice accretions; namely:
(1) An increase in wing section drag even at low angles-of-attack ( 2 ) A decambering of the airfoil due to a thickened upper surface boundary layer For any given airfoil geometry, the ice accretion can change dramatically in cross sectional shape as the environmental and aerodynamic parameters are varied. The level o f severity of aerodynamic performance degradation will also vary 1 s i g n i f i c a n t l y depending o n t h e i c e a c c r e t i o n char a c t e r i s t i c s as w e l l as t h e b a s i c a i r f o i l p e r f o r mance c h a r a c t e r i s t i c s .
P r e v i o u s e x p e r i m e n t a l s t u d i e s have d e t e r m i n e d many o f t h e k e y a s p e c t s o f t h e a i r f o i l i c i n g p r o blem. p r e d i c t e d i n any a i r f o i l i c i n g a n a l y s i s methodology ( F i g . 4 ) . W h i l e an a i r f o i l i c e a c c r e t i o n shape i s t y p i c a l l y s m a l l r e l a t i v e t o t h e a i r f o i l s i z e (usua l l y o n l y a f e w p e r c e n t c h o r d i n maximum d i m e n s i o n ) .
i t s e f f e c t o n t h e a i r f o i l f l o w f i e l d and t h u s t h e a i r f o i l aerodynamic performance can be p r o f o u n d . The i c e a c c r e t i o n shape i s h i g h l y r o u g h and i r r e gu l a r (as t h e c l o s e u p p o r t i o n o f F i g . 2 s u g g e s t s ) .
The roughness elements ( s i z e and d i s t r i b u t i o n ) a r e much d i f f e r e n t t h a n t h e c l a s s i c a l sand g r a i n e l ements used i n wind t u n n e l t e s t programs o v e r t h e y e a r s . The d e v e l o p i n g boundary l a y e r s o n b o t h t h e s u c t i o n and p r e s s u r e s i d e s w i l l t e n d t o s e p a r a t e i n t h e near v i c i n i t y o f t h e i c e a c c r e t i o n . A t l o w e r a n g l e s -o f -a t t a c k , boundary l a y e r r e a t t a c hment f r o m e i t h e r or b o t h s u r f a c e s w i l l u s u a l l y o c c u r a f t o f t h e i c e a c c r e t i o n , b u t t h e r e a t t a c h e d v i s c o u s l a y e r ( s ) w i l l be t h i c k e n e d and d i s t o r t e d . A s t h e a n g l e -o f -a t t a c k i s changed, t h e r e l a t i v e s i z e s o f t h e s u c t i o n and p r e s s u r e s u r f a c e s e p a r a t i o nr e a t t a c h m e n t zones w i l l change. I n p a r t i c u l a r as t h e a n g l e -o f -a t t a c k i s i n c r e a s e d , t h e s u c t i o n s u rf a c e zone w i l l grow i n s i z e u n t i l n o r e a t t a c h m e n t o c c u r s and a i r f o i l s t a l l r e ; u l t s .
A i r f o i l s t a l l can o c c u r s e v e r a l degrees below t h e s t a l l a n g l e o b s e r v e d f o r c l e a n a i r f o i l s
The i n c r e a s e i n d r a y o c c u r r i n g a t t h e l o w e r a n g l e : -o f -a t t a c k i s due to t h i c k e n e These a s p e c t s must be a d e q u a t e l y modeled! O v e r a l l Approach A s F i g . 5 i n d i c a t e s , a p o t e n t i a l f l o w a n a l ys i s i s f i r s t p e r f o r m e d t o d e t e r m i n e t h e i n v i s c i d f l o w f i e l d around t h e c l e a n a i r f o i l . The t r a j e c t o r y module computes t h e p a t h s of w a t e r d r o p l e t s p a s t t h e a i r f o i l and d e t e r m i n e s t h e r a t e a t w h i c h d r o pl e t s a r e i m p a c t i n g t h e a i r f o i l s u r f a c e a t each p o i n t . T h i s r e p r e s e n t s t h e l o c a l r a t e of w a t e r d e p o s i t i o n o n t h e a i r f o i l . i n v i s c i d and v i s c o u s flow a n a l y s e s t o be combined ( i . e . . r e p l a c e t h e i n v i s c i d a n a l y s i s s t e p w i t h t h e v i s c o u s a n a l y s i s ) . However, a s i g n i f i c a n t i n c r e a s e i n c o m p u t a t i o n a l r e s o u r c e s c u r r e n t l y i s r e q u i r e d t o complete t h e v i s c o u s a n a l y s i s ( m i n u t e s on a Cray XMP) v e r s u s t h a t r e q u i r e d t o complete t h e i n v i s c i d a n a l y s i s ( m i n u t e s o n an IBM 370).
O b v i o u s l y as t h e i c e shape grows i n s i z e and domin a t e s t h e a i r f o i l l e a d i n g edge f l o w f i e l d , v i s c o u s e f f e c t s ( b o u n d a r y l a y e r s e p a r a t i o n l r e a t t a c h m e n t ) w i l l become so dominant t h a t t h e s i m p l i f i e d i n v i sc i d a n a l y s i s w i l l no l o n g e r be a p p r o p r i a t e .
The f o l l o w i n g s e c t i o n s w i l l look a t t h e modules i n more d e t a i l . The a c c u r a c y of t h e t r a j e c t o r y a n a l y s i s i s b e i n g assessed b y comparison w i t h an e x p e r i m e n t a l d r o p l e t impingement d a t a base b e i n g d e v e l o p e d j o i n t l y b y NASA and t h e FAA.2 S e l e c t e d comparisons a r e shown i n F i g . 6 for d a t a g a t h e r e d o n a c l e a n c y l i n d e r model as w e l l as o n an " i c e d " c y li n d e r model. The f i g u r e a l s o shows d r o p l e t c o ll e c t i o n e f f i c i e n c y p r e d i c t i o n s made u s i n g a N a v i e r -S t o k e s f l o w f i e l d a n a l y s i s i n p l a c e o f t h e Hess-Smith p o t e n t i a l code. B o t h s e t s o f p r e d i ct i o n s g e n e r a l l y a g r e e w e l l w i t h t h e c l e a n c y l i n d e r
d a t a a l t h o u g h t h e t a i l s of t h e c o l l e c t i o n e f f ic i e n c y c u r v e s a r e b r o a d e r for t h e d a t a t h a n f o r t h e p r e d i c t i o n s . T h i s was e x p e c t e d as t h e c a l c ul a t i o n s were made for a s i n g l e d r o p l e t s i z e ( t h e average d i a m e t e r ) w h i l e t h e a c t u a l d r o p l e t c l o u d had a s p e c t r u m of s i z e s .

The agreement i s n o t as good f o r t h e " i c e d " c y l i n d e r . . e s p e c i a l l y i n t h e s o -c a l l e d horn r e g i o n s . E x p e r i m e n t a l measurements of t h e s u r f a c e p r e s s u r e d i s t r i b u t i o n a b o u t t h e i c e shape i n d i c a t e d
t h e boundary l a y e r s e p a r a t e d j u s t a f t o f each h o r n . S i n c e p o t e n t i a l flow a n a l y s e s d o not a c c o u n t for s e p a r a t i o n . t h e l o c a l v e l o c i t i e s i n t h e v i c i n i t y of each horn a r e p r e d i c t e d t o be l a r g e r t h a n a c t u a l l y e x i s t . T h i s inadequacy i n t h e f l o w f i e l d m o d e l i n g was f e l t t o be r e a s o n f o r t h e o v e r p r e d i c t i o n of t h e c o l l e c t i o n e f f i c i e n c y l e v e l s i n t h e v i c i n i t y of t h e h o r n s and l e d t o t h e t r a j e c t o r y c a l c u l a t i o n s u s i n g t h e N a v i e r -S t o k e s a n a l y s i s . v i s c o u s e f f e c t s d i d not s i g n i f i c a n t l y decrease t h e c o l l e c t i o n e f f i c i e n c y l e v e l s n e a r t h e h o r n .
S u p r i s i n g l y t h e i n c l u s i o n o f t h e 2
The reason for t h i s d i s c r e p a n c y i s n o t known b u t i t may suggest some i n a c c u r a c y i n t h e experiment a l approach. The s u r p r i s i n g l e v e l of agreement i n c o l l e c t i o n e f f i c i e n c y p r e d i c t i o n s u s i n g the panel and N a v i e r -S t o k e s codes for b o t h t h e c l e a n and i c e d c y l i n d e r s suggests t h e panel code c a l c ul a t i o n s can p r o v i d e r e a s o n a b l e e s t i m a t e s o f t h e c o l l e c t i o n e f f i c i e n c y d i s t r i b u t i o n s f o r c l e a n and i c e d a i r f o i l s .
As a l r e a d y s t a t e d , i n t h e l o n g t e r m i t i s d e s i r a b l e t o r e p l a c e t h e i n v i s c i d a n a l y s i s w i t h a v i s c o u s a n a l y s i s i n t h e a i r f o i l i c i n g a n a l y s i s methodology t o p r c p e r l y account f o r boundary l a y e r s e p a r a t i o n -r e a t t a c h m e n t .
I c e A c c r e t i o n I n s p i t e of t h e f a c t t h a t a i r c r a f t i c i n g has been s t u d i e d s i n c e t h e 1 9 2 0 ' s . t h e u n d e r s t a n d i n g o f t h e g o v e r n i n g p h y s i c a l processes o f i c e a c c r et i o n i s l i m i t e d . Consequently, i c e shapes a r e p r e d i c t e d u s i n g a c o n t r o l volume approach as d e p i c t e d i n F i g . 7 . Mass and energy b a l a n c e equat i o n s a r e f o r m u l a t e d a c c o u n t i n g f o r t h e e f f e c t s shown i n t h e f i g u r e . The e q u a t i o n s a r e s o l v e d t o d e t e r m i n e t h e f r a c t i o n o f incoming w a t e r which f r e e z e s i n each c o n t r o l volume. Any water which does not f r e e z e i n a c o n t r o l volume i s assumed t o flow back 
t o t h e i m m e d i a t e l y a f t c o n t r o l volume (so c a l l e d runback w a t e r ) . Required i n p u t s from t h e f l o w f i e l d l t r a j e c t o r y a n a l y s i s i n c l u d e t h e c o l l e c t i o n e f f i c i e n c y and s u r f a c e v e l o c i t y d i s t r i b u t i o n s .
a t a g a t h e r e d i n many i c l n g ground t e s t s f a c i l i t i e s b u t a l s o w i t h n a t u r a l i c i n g f l i g h t d a t a . T h i s e x t e n s i v e s e t of comparisons w i l l s e r v e as a code c a l i b r a t i o n l v a i i d a t i o n e f f o r t for. t h e i c e a c c r e t i o n a n a l y s i s . c u l a t i o n p r o c e d u r e has been shown t o be t h e conv e c t i v e h e a t t r a n s f e r c o e f f i c i e n t ( h ) d i s t r i b u t i o n . C u r r e n t l y , t h e h d i s t r i b u t i o n i s c a l c u l a t e d u s i n g
an i n t e g r a l boundary l a y e r approach d e s c r i b e d b y W h i t e 3 and Kays and C r a~f o r d .~ An e x p e r i m e n t a l h e a t t r a n s f e r c o e f f i c i e n t d a t a base has been a c q u i r e d 5 t o e v a l u a t e t h e adequacy o f t h e p r e d i ct i o n approach, and a comparison i s shown i n F i g . 9. The c y l i n d e r i c e shape shown i s t h e same as t h e shape used I n t h e t r a j e c t o r y impingement s t u d i e s . The m a j o r d i s a g r e e m e n t i s seen t o be i n t
h e v i c i n i t y of t h e h o r n and downstream o f t h e h o r n . The disagreement i s a t t r i b u t e d t o t h e p o t e n t i a l f l o w p r e d i c t i o n of s u r f a c e v e l o c i t y d i st r i b u t i o n n o t a c c o u n t i n g for t h e o b s e r v e d boundary
l a y e r s e p a r a t i o n .
Also n o t e A s i g n i f i c a n t i n p u t t o t h e i c e a c c r e t i o n c a l -A s a l r e a d y i n d i c a t e d ( F i g . 2 ) . i c e a c c r e t i o n
shapes can e x h i b i t a l a r g e degree of surface roughness and an a t t e m p t has been made t o account for t h i s e f f e c t i n t h e i c e a c c r e t i o n a n a l y s i s . A d i st r i b u t i o n of sand g r a i n roughness i s i n p u t and t h e h e a t t r a n s f e r r a t e s a r e i n c r e a s e d a c c o r d i n g t o t h e p r e d i c t i o n s of t h e I n t e g r a l boundary l a y e r approach.
The h e a t t r a n s f I n p a r t i c u l a r , t h e model a l l o w s f o r c o n t i n u o u s f l o w o f w a t e r o n t h e s u r f a c e . T h a t i s , any water n o t f r o z e n i n a c o n t r o l volume i s a l l o w e d t o r u n back t o t h e a d j a c e n t c o n t r o l volume. The photog r a p h i c e v i d e n c e suggests t h a t a f t e r an i n i t i a l t r a n s i e n t , s u r f a c e w a t e r ( i f i t e x i s t s ) does n o t appear t o move. A m u l t i z o n e model t h a t has been proposed t o a c c o u n t f o r t h i s d i s c r e p a n c y i s d e p i c t e d i n F i g . 1 1 . Surface water: i s a l l o w e d t o r u n i n Zone A which would be c h a r a c t e r i z e d as a smooth r e g i o n . Zone C would be a t r a n s i t i o n r e g i o n which would have a v a r y i n g roughness w h i l e Zone B would be a r e g i o n which would have no r u nb a c k . The t r a n s i t i o n r e g i o n (Zone C) would move toward t h e s t a g n a t i o n p o i n t as t h e i c i n g t i m e I n c r e a s e s and t h u s Zone A would decrease i n s i z e w i t h i c l n g t i m e . C u r r e n t l y , t h e p o s i t i o n o f Zone
t h e o t h e r a s p e c t s o f t h e i c e a c c r e t i o n p r o c e s s n o t e d i n t h e p h o t o g r a p h i c d a t a t h a t a r e n o t i n c l u d e d i n c u r r e n t i c e a c c r e t i o n a n a l y s i s . These e f f e c t s i n c l u d e d r o p l e t i m p a c t and p o s s i b l e s p l a s hi n g and w a t e r b e a d i n g i n t o l a r g e d r o p l e t s . A d d it i o n a l e f f o r t s ( e x p e r i m e n t a l and a n a l y t i c a l ) a r e underway t o b e t t e r u n d e r s t a n d t h e w a t e r f i l m dynamics e f f e c t s for i n c l u s i o n i n t o t h e i c e a c c r et i o n m o d e l i n g . I t i s hoped t h a t i n c l u s i o n o f t h e s e p h y s i c a l e f f e c t s i n t h e i c e a c c r e t i o n a n a l y s i s w i l l c o n t r i b u t e t o improved i c e shape P r e d i c t i o n s .
Such d a t a has been These p h o t o g r a p h i c r e s u l t s suggest t h a t Also. e f f o r t s a r e underway t o model some o f Aerodynamic Performance Two a n a l y s i s codes a r e b e i n g a p p l i e d t o p r ed i c t a i r f o i l aerodynamic performance d e g r a d a t i o n due t o i c e a c c r e t i q n : N a v i e r Stokes code (ARCZD) and ( 2 ) an i n t e r a c t i v e boundary l a y e r code ( I B L ) . * Both o f t h e s e codes
were o r i g i n a l l y developed t o h a n d l e " c l e a n " geomet r i e s and a r e b e i n g extended to h a n d l e i c e d a i rf o i l s . I n o r d e r t o p r o p e r l y e v a l ' u a t e t h e s e codes, a comprehensive v a l i d a t i o n d a t a base i s r e q u i r e d . 
t o have t h e g r o s s c r o s s s e c t i o n a l f e a t u r e s o f an i c e shape grown i n t h e I R T b u t t o have a w e l l d e f i n e d s u r f a c e d e s c r i p t i o n t o a l l o w i n p u t t i n g i n t o t h e f l o w a n a l y s i s codes. D e t a i l e d s u r f a c e p r e s s u r e d i s t r i b u t i o n s and wake s u r v e y probe measurements a l l o w e d g l o b a l f o r c e and moment performance t o be documented. Boundary l a y e r v e l o c i t y p r o f i l e s on b o t h s u c t i o n and p r e s s u r e s u r f a c e s were a c q u i r e d u s i n g b o t h p i t o t tubes and s i n g l e element h o t f i l m p r o b e s . The p r o f i l e measurements were c o n c e n t r a t e d i n the s e p a r a t i o nr e a t t a c h m e n t zones. Flow v i s u a l i z a t i o n d a t a was a c q u i r e d t o complement t h e q u a n t i t a t i v e d a t a base. R e f e r e n c e 9 p r o v i d e s more d e t a i l s o f t h e e x p e r im e n t a l program. ( 1 ) a Reynolds averaged F i g u r e 13 summarizes t h e p r e d i c t i o n s of the ARCZD and I B L codes when compared t o t h e e x p e r im e n t a l d a t a base a l r e a d y d i s c u s s e d . The p r e d i ct i o n s of b o t h codes f o r l i f t and d r a g c o e f f i c i e n t l e v e l s f o r t h e l o w e r a n g l e s -o f -a t t a c k a g r e e w e l l w i t h t h e d a t a . A t t h e h i g h e r a n g l e s -o f -a t t a c k , t h e I B L code tended t o u n d e r p r e d i c t t h e measured d r a g l e v e l s . A t t h e s e h i g h e r a n g l e s -o f -a t t a c k , t h e ARCZD code p r e d i c t e d t h a t an u n s t e a d y flowf i e l d e x i s t e d ( i . e . . n o s t e a d y s o l u t i o n was r e a c h e d when t h e code was r u n i n t h e t i m e accur a t e mode)
. The ARCZD r e s u l t s for t h o s e h i g h e r a n g l e s -o f -a t t a c k were d e t e r m i n e d b y a v e r a g i n g t h e s u r f a c e p r e s s u r e d i s t r i b u t i o n s o v e r one c y c l e and t h e n c a l c u l a t i n g t h e r e s u l t a n t C 1 . Cmc/4, and Cd v a l u e s . The I B L code a l s o had some d
i f f i c u l t y a c h i e v i n g a converged s o l u t i o n a t t h e s e c o n d i t i o n s b u t due t o t h e f o r m u l a t i o n o f t h e i n t e r a c t i v e
boundary l a y e r approach, no such a v e r a g i n g p r o c ed u r e was p o s s i b l e .
W h i l e t h e g l o b a l comparisons o f code p r e d l ct i o n s o f C1 and c d v e r s u s e x p e r i m e n t a l measurements y i e l d e d g e n e r a l l y f a v o r a b l e r e s u l t s , s i g n i f i c a n t d i f f e r e n c e s d i d o c c u r when comparisons were made o f s u r f a c e p r e s s u r e d i s t r i b u t i o n s and v e l o c i t y p r o f i l e s . B o t h codes t e n d t o p r e d i c t upper s u r f a c e b o u n d a r y -l a y e r r e a t t a c h m e n t t o o c c u r p r i o r t o t h e measured r e a t t a c h m e n t p o i n t s . F i g u r e 14 shows some s e l e c t e d v e l o c i t y p r o f i l e comparisons. Note t h a t b o t h codes p r e d i c t e d sepa-
r a t e d p r o f i l e s a t X / C = 0.005 w h i c h were s l g n i f ic a n t l y d i f f e r e n t t h a n t h e measured p r o f l l e . The
ARCZD code p r e d i c t e d r e a t t a c h m e n t t o have o c c u r r e d a t s t a t l o n 0.043 b u t t h e e x p e r i m e n t a l p r o f i l e sugg e s t e d t h a t r e a t t a c h m e n t had n o t o c c u r r e d . Also, t h e p r e d i c t e d s t a t i c p r e s s u r e d i s t r i b u t i o n s showed
much g r e a t e r n e g a t l v e p r e s s u r e peaks n e a r separat i o n t h a n were o b s e r v e d t o o c c u r i n t h e e x p e r i m e n t . Three p o s s i b l e sources of these d i s c r e p a n c i e s were n o t e d and a r e c u r r e n t l y b e i n g i n v e s t i g a t e d : ( 1 ) i c e shape d e f i n l t i o n l f l o w f i e l d g r i d generat i o n , ( 2 ) boundary l a y e r t r a n s i t i o n , and ( 3 ) t u rb u l e n c e m o d e l l i n g . 
The GRAPE code was used w i t h p o i n t s u n i f o r m l y d i s t r i b u t e d around t h e s u r f a c e w h i l e t h e HYPGRID code was used w i t h b o t h u n i f o r m d i s t r i b u t i o n s and d e n s e l y packed l e a d i n g edge d i s t r i b u t i o n s . Also, t h e HYPGRID code was r u n w i t h more p o i n t s p l a c e d c l o s e r to t h e a i r f o i l s u r f a c e so as t o c a p t u r e more d e t a i l s of t h e g r o w t h of
t h e v i s c o u s l a y e r s . A comparison of t h e ARCZD p r e d i c t i o n s on a C 1 , c d b a s i s i n d i c a t e d t h e o n l y a p p r e c i a b l e d i f f e rences n o t i c e d were i n t h e C1 p r e d i c t i o n s for t h e h i g h e r a n g l e s -o f -a t t a c k P a c k i n g p o i n t s i n near t h e i c e s u r f a c e ( b o t h a l o n g t h e s u r f a c e and n o rmal t o t h e s u r f a c e ) r e s u l t e d i n d e l a y e d s t a l l p r ed
i c t i o n and t h u s h i g h e r p r e d i c t e d C 1 . T h i s i s a t t r i b u t e d t o improved c o m p u t a t i o n s of v o r t i c i t y g e n e r a t i o n and r e s o l u t i o n of t h e boundary l a y e r g r o w t h .
The r e s u l t s o f t h i s i n i t i a l s t u d y f a i l e d t o
show any s i g n i f i c a n t d i f f e r e n c e s when u s i n g g r i d s from t h e GRAPE and HYPGRID codes. These s t u d i e s a r e c o n t i n u i n g . Also i c e shape s e n s i t i v i t y s t u di e s a r e b e i n g conducted w i t h t h e I B L code. S i n c e t h e I B L a n a l y s i s combines p o t e n t i a l f l o w and bounda r y l a y e r r o u t i n e s , no g r i d g e n e r a t i o n i s r e q u i r e d . These s t u d i e s a r e aimed a t d e t e r m i n i n g how d e t a i l e d t h e i n p u t i c e shape must be t o y i e l d a c c u r a t e r e s u l t s from t h e aerodynamic a n a l y s i s .
f i e d t h a t boundary l a y e r t r a n s i t i o n l o c a t i o n can have a s i g n i f i c a n t e f f e c t o n a i r f o i l performance p r e d i c t i o n s . A l i m i t e d s t u d y was conducted w i t h t h e ARCZD code to assess t h e i m p o r t a n c e o f t r a n s i -
t i o n l o c a t i o n s p e c i f i c a t i o n for t h e i c e d a i r f o i l . F i g u r e 16 shows t h e r e s u l t s for t h e c o m p u t a t i o n s o f t h e flow a b o u t t h e i d e a l i z e d i
c e shape p r e v io u s l y d i s c u s s e d f o r two s p e c i f i c t r a n s i t i o n l o c at i o n s .
The f o r w a r d l o c a t i o n corresponded t o t h e t i p o f t h e upper h o r n w h i l e t h e a f t l o c a t i o n corresponded t o t h e p o i n t midway between t h e separat i o n and r e a t t a c h m e n t l o c a t i o n s . There was no
e f f e c t on t h e computed v a l u e s f o r l i f t and d r a g b u t a n o t i c e a b l e e f f e c t d i d o c c u r f o r t h e v e l o c i t y p r o f i l e s i n t h e s e p a r a t e d flow zone and t h e s i z e o f t h e s e p a r a t e d flow b u b b l e .
P r e v i o u s c l e a n a i r f o i l s t u d i e s l o have i d e n t i -
The a f t s p e c i f i c a t i o n of t h e t r a n s i t i o n l o c at i o n r e s u l t e d i n a l a r g e r b u b b l e w i t h a r e a t t a c hment p o i n t w h i c h agreed more c l o s e l y w i t h t h e e x p e r i m e n t a l measurements.
However, t h e computat i o n s f o r c e d a r e l a r n i n i z a t i o n as t h e f l u i d moved u p s t r e a m f o r w a r d o f t h e t r a n s i t i o n p o i n t . q u e n t l y , t h e magnitude o f t h e r e v e r s e flow v e l o c i t y i s o v e r p r e d i c t e d . o f t r a n s i t i o n , t h e s e p a r a t e d flow zone was comp l e t e l y t u r b u l e n t and t h e v e l o c i t y l e v e l s near t h e s u r f a c e were i n b e t t e r agreement w i t h t h e e x p e r im e n t a l d a t a . f i g u r e s were a c c o m p l i s h e d u s i n g a Baldwin-l.omax t u r b u l e n c e model. R e c e n t l y , i n v e s t i g a t l o n s have been i n i t i a t e d t o l o o k a t t h e e f f e c t o f a l t e r n a t e t u r b u l e n c e models on i c e d a i r f o i l f l o w f i e l d p r ed i c t i o n s . The i n i t i a l r e s u l t s o f t h a t s t u d y a r e summarized i n F i g . 1 7 . Two t u r b u l e n c e models have been used for comparison w i t h t h e Baldwin-Lomax r e s u l t s : t h e Johnson-King model (an o r d i n a r y d i ff e r e n t i a l e q u a t i o n model) and t h e k -c model ( a two e q u a t i o n m o d e l ) . A comparison o f t h e l e a d i n g edge s u r f a c e p r e s s u r e d i s t r i b u t i o n s shows t h a t no n o t i c e a b l e e f f e c t c o u l d be seen. A l l t h r e e s e t s o f c a l c u l a t i o n s r e s u l t e d i n a s i g n i f i c a n t o v e r p r ed i c t i o n of t h e s u c t i o n peak and no p r e d i c t i o n o f t h e observed p r e s s u r e p l a t e a u . I n a d d i t i o n , a l l t h r e e c a l c u l a t i o n s i n d i c a t e d a s m a l l e r s e p a r a t i o n zone t h a n was measured. The comparison o f the p r e d i c t e d v e l o c i t y p r o f i l e s i n t h e s e p a r a t i o n zone as we11 as t h e g l o b a l value: o f C 1 . Cd, and Cmc/4 a l s o f a i l e d t o show any s i g n i f i c a n t d i f f e r e n c e s .
Conse-F o r t h e f o r w a r d s p e c i f i c a t i o n
The ARCZD c a l c u l a t i o n s shown i n t h e p r e v i o u s These r e s u l t s suggest t h a t i m p l e m e n t a t i o n o f a more s o p h i s t i c a t e d t u r b u l e n c e model i n t h e i c e d a i r f o i l a n a l y s e s i s n o t w a r r a n t e d a t t h i s t i m e .
The a d d i t i o n a l CPU t i m e r e q u i r e d t o p e r f o r m the c a l c u l a t i o n s does n o t appear t o y i e l d any improve
ment i n r e s u l t s o v e r those a c q u i r e d u s i n g a s i m p l e a l g e b r a i c e q u a t i o n t u r b u l e n c e model. c o n t i n u i n g t o l o o k a t o t h e r a l g e b r a i c e q u a t i o n models which a r e a v a i l a b l e . These r e s u l t s a l s o suggest t h a t a t u r b u l e n c e model " t u n e d " t o h a n d l e s e p a r a t e d -r e a t t a c h e d flows w i l l m o s t l i k e l y be r e q u i r e d . E f f o r t s a r e C o n c l u d i n q Remarks T h i s paper has r e v i e w e d t h e c u r r e n t s t a t u s of an o n g o i n g NASA a c t i v i t y t o d e v e l o p and v a l id a t e an a i r f o i l i c i n g a n a l y s i s c a p a b i l i t y . The s e l e c t e d r e s u l t s shown i n d i c a t e t h a t f i r s t generat i o n a n a l y s i s codes e x i s t t o p r e d i c t ( 1 ) i c e a c c r e t i o n shapes and ( 2 ) r e s u l t a n t aerodynamic performance l e v e l s . The codes have n o t as y e t been i n t e g r a t e d i n t o a s i n g l e a n a l y s i s methodology due t o t h e l a r g e computer t i m e s r e q u i r e d t o p e rform t h e aerodynamic a n a l y s i s , b u t t h i s i s a d e s i r e d l o n g e r t e r m g o a l . Work i s underway t o improve t h e u n d e r s t a n d i n g o f t h e k e y p h y s i c s o f t h e i c e a c c r e t i o n p r o c e s s so t h a t t h e i c e a c c r et i o n analy:is code can be m o d i f i e d t o improve t h e p r e d i c t i o n o f i c e shapes. T w o aerodynamic a n a l ys i s codes a r e b e i n g e v a l u a t e d and b o t h show promi s e for p r e d i c t i n g d i r f o i l d e g r a d a t i o n due t o i c e a c c r e t i o n s . L i m i t a t i o n s i n t h e two aerodynamtc a n a l y s i s have been i d e n t i f i e d t o i n c l u d e : i c e shape d e s c r i p t i o n / g r i d g e n e r a t i o n , t r a n s i t i o n s p e c i f i c a t i o n , and t u r b u l e n c e m o d e l l i n g . E f f o r t s a r e underway to address t h e s e d e f i c i e n c i e s .
An a d d i t i o n a l l i m i t a t i o n which a l s o must be added t o b o t h t h e i c e a c c r e t i o n and aerodynamic a n a l y s e s i s an adequate t r e a t m e n t of t h e extreme l e v e l s of s u r f a c e roughness which can e x i s t on i c e shapes, p a r t i c u l a r l y those formed a t warmer temp e r a t u r e s ( c l o s e t o f r e e z i n g ) .
As a l r e a d y i n d ic a t e d these roughness elements a r e much d i f f e r e n t t h a n t h e c l a s s i c a l sand g r a i n roughness elements used i n wind t u n n e l t e s t i n g . I t i s f e l t t h a t these roughness elements must be m o d e l l e d s i n c e t h e y can have a s i g n i f i c a n t e f f e c t on t h e boundary l a y e r g r o w t h and t h u s on h e a t t r a n s f e r r a t e s and aerodynamic d e g r a d a t i o n .
A v a l i d a t e d a i r f o i l i c i n g a n a l y s i s m e t h o d o logy w i l l p r o v i d e a most u s e f u l c o m p u t a t i o n a l tool t o the i c i n g community which can be used f o r a number o f p u r p o s e s . The methodology w i l l a l s o p r o v i d e t h e b a s i s for d e v e l o p i n g a t h r e ed i m e n s i o n a l i c i n g a n a l y s i s methodology t o h a n d l e geometries such as swept w i n g c o n f i g u r a t i o n s . F i g u r e 18 suggest5 t h e d i s t i n c t t h r e e -d i m e n s i o n a l c h a r a c t e r t h a t i c e a c c r e t i o n shapes can a c q u i r e f o r near f r e e z i n g t e m p e r a t u r e c o n d i t i o n s . Curr e n t l y e f f o r t s a r e underway t o e v a l u a t e v a r i o u s 
